The residual stress is continually present, whether or not the service load is acting. It must be kept in mind that a residual stress state may be biaxial at the surface of a body and may be triaxial in the interior. The principal axes of this state may or may not coincide with the axes of the principal applied stresses. These stationary aspects of residual stresses make it necessary to exercise care when including them in analytical expressions for fatigue crack growth. This report is intended to illustrate a way that the residual stress effect may be examined separately from mean-stress or R-ratio effects in fracture mechanics analysis.
FRACTURE MECHANICS ANALYSIS
Using the Paris-Erdogan 1^ fatigue crack propagation rate equation The crack tip stress intensity factor K resulting from an applied loading which varies from zero to the stress level a is given by
In a tension member a = P/A; in a plate or beam having a section modulus Z, a is the applied extreme fiber stress Pe/Z, where Pe is the bending moment; and 2w When the values for a and y are taken to be independent of crack depth "a" these expressions apply only for shallow crack depths.
CRACK SHAPE
For semi-elliptical surface cracks we define a shape factor as
where for a shallow straight fronted crack in a plate under tension the value of y is 1.12, and the value of SF is unity. The values for y for curved fronted semi-elliptical surface cracks may be calculated from expressions developed by Newman and Raju^ for surface cracks in a plate under tension or bending loads. The values for SF for a given aspect ratio and crack depth are given in Table I .
As the crack depth increases the shape factor for any given crack shape increases under tension loading while under bending the shape factor decreases.
Since most of the fatigue life of a component is expended at shallow crack depth we may use the values of SF for a « B as constants independent of crack depth for a good first approximation in either tension or bending in the following analysis. Considering SF as independent of the crack depth permits a relatively simple integration of da/dN. More precise life estimates may be made by taking into account the variation of SF as crack depth increases. for either tension or bending.
INCLUDING RESIDUAL STRESS
For residual stress which decreases linearly with depth from the value a 0 at the surface of the part to a zero value at the depth ao as shown in Figure   1 , the crack tip stress intensity factor is given by Underwood and Throop^ as K = (1.12 -0.68 -) Oo/iia (7) "Newman, J. C. I^ax is larger than when there is no residual stress.
CRITICAL CRACK DEPTH
The critical crack depth, a c , for a given applied stress range Aa can be Here AK is the same as K^x in equations (8) and (9) . Since a 0 is negative the compressive residual stress reduces AK, and reduces the fatigue crack propagation rate and thereby extends the fatigue life beyond that for zero residual stress. If Ao is not great enough to overcome the compressive residual stress, the resulting AK will be negative, the crack will remain closed at maximum load, and no fatigue crack growth should take place.
When the residual stress a 0 is tension, i.e., positive, the stress intensity factor range is
where K^x is given by equation (8) and K m ± n is given by equation (7) multiplied by the shape factor SF. The result is that for tensile residual stress AK = 1.12(SF)Aa/ : iia (14) which is the same as for zero residual stress.
Thus, under tensile residual stress AK depends only on the range of applied stress and the crack depth, and is independent of the tensile residual stress. Therefore the fatigue crack propagation rate is relatively unaffected by tensile residual stress. Experiments by Underwood" have shown that tensile residual stresses produced by applying compressive overloads do not greatly affect the measurable crack growth; their affects are apparently on the initiation and early growth of the crack. However, since the critical crack depth is reduced by the tensile residual stress the fatigue life is reduced, but the effect is not as great as the increase in life that would be caused by an equal value of compressive residual stress. Moreover, tensile residual stress adds to the applied mean stress and there is a recognized effect of mean stress on fatigue crack propagation rate which is not treated here in this analysis.
S-N EQUATION
Combining equation (4) and equation (12) 3 which may be expressed in log-log form as Both effects result in longer life at any Aa when compressive residual stress a 0 is present.
When the residual stress is tension the integration of equation (4) 1 combined with equation (14) results in the same slope, --, as for zero 3 residual stress but, because the failure crack depth, a c> at any Aa is reduced by the tensile residual stress, the value of I is smaller. Therefore the intercept of the S-N graph is lowered. The net effect of tensile residual stress is a shorter fatigue life for any Ao than when no residual stress is present, but the effect is predicted to be less than for equal corapressive residual stress.
These effects are Illustrated on the following schematic log-log S-N graph and in the following numerical example. This example and the graph were calculated, using the equations given here, expressly to compare the relative effects of compression and tension residual stresses on the S-N curve.
Therefore the life estimates do not include many other aspects that should be considered in a complete fatigue life calculation. Since Equations (7), (8), and (10) only apply to linear variation of residual stress, when a c calculated from Equation (10) is greater than a 0 for a compressive residual stress the value of af in Equations (11), (16), and (18) is set equal to a 0 . It is thereby assumed that the number of cycles to grow from a 0 to af is negligible.
S-N GRAPH
The log-log graph in Figure 2 shows that for the stress range between 65 to 100 Ksi (448 to 690 MPa) the tensile residual stress causes very little reduction of fatigue life, but the compressive residual stress causes considerable increase in fatigue life compared to the zero residual stress condition. Also the graph for compression residual stress is tending to curve toward a fatigue limit at about 55 Ksi (379 MPa) stress range'. In real materials these tendencies are known to affect both the crack propagation threshold and the fatigue crack rate and fatigue life.
This analysis is approximate because it does not include effects of the applied mean stress or the changes in either shape factor or residual stress distribution as functions of the depth of crack. However, the latter two changes are nearly negligible in the very early portion of crack growth, wherein most of the fatigue life is spent, and the solution is therefore meaningful.
CONCLUSION
Much work remains to be done in developing quantitative relationships for expressing the effects of residual stresses in fatigue for purposes of obtaining accurate fatigue life estimation and for use in design procedures.
Many aspects of residual stress effects in fatigue behavior have been merely mentioned in this report and many other aspects worthy of consideration have been omitted entirely.
The relaxation of residual stresses during the service life, vibratory stress relief, effects of peak overloads in service, effects of prior damage, residual stress effects on initiation of fatigue damage or cracks, contact fatigue, and heat treatment effects are subjects that have been suggested for investigation. Furthermore, the specification of methods for evaluating the effects of residual stress on fatigue performance and for controlling the magnitude of residual stresses within permissible limits need to be addressed. 
